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Abstract. High levels of ammonia is a common
inhibitory factor in anaerobic digestion (AD) resulting in
low methaneproduction and unbalance of the process. I n
the present study, the adjustment of the hydraulic
retention time (HRT) and the bicaugmentation process
(BP) are investigated tocounter thenegative effects of
ammonia toxicity. Two lab scale continuously stirred tank
reactors (CSTR) were operatingwith cattle manure at a
low totalammonia nitrogen (TAN) concentration (1.8 g
TAN/L). The reactors were workingwith 20 (R1)and 30
(R2) days HRT, respectively and ammonia toxicity
conditions (6.1 g TAN/L) were achieved through the
direct addition ofammonium chloride. Inboth reactors
after the increase of TAN the average daily methane
productionwasreduced by 37.04% in R1and 38.52% in
R2. The stepwise acclimatization of the microorganisms
to high concentrationsof TAN (6.5 g TAN/L) forthe BP
was performed in batch reactors. Afterthe BP there wasa
recovery ofthe methaneproduction in both reactors. In
R2 the recovery was immediate, however,a delay of 20
days was observed in the recovery of R1. A likely
explanation for the R1’s delayed response is the slow
reproduction rate of the introduced acclimatized
population and the lowHRT.
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1. Introduction

Biogas is produced by Anaerobic Digestion (AD), a
biological process occurring in the absence of oxygen
(O). Biogasis mainly comprised of methane (CH4) and
carbondioxide (CO,), with concentrations in the range of
50-70% and 30-50% respectively [1]. Agro-industrial
and foodindustry waste are commonly treatedwith AD,
thus providing many environmental benefits [2]. Methane
is produced by archaea via three pathways: a ceticlastic
(cleavingacetateto CH4), hydrogenotrophic (reducing
CO; to CH4)and methylotrophic (converting methylated
compounds to CH,)[3].

AD is highly affected by the concentration of ammonia.
At low concentrations ammonia is beneficial to the AD
process, but at increased levels it can be toxic to the
methanogens [4]. Ammoniain an aqueous solution has
two forms, free ammonia (NHs) andammonium (NH ).

The two formsare in equilibrium, the balance of whichis
affected by temperature and pH [5].
NHs(aqg.)+H-0(l.)—~NH." (ag.)+OH (aq.) @)
Of the two forms, free ammonia in high concentrations
actsmainlyasan inhibitorto themethanogenic phase of
AD [6].

There are multiple methods to mitigate the inhibitory
effectofammoniain AD,such asthe use of inorganic
additives (HMgPO,, zeolite), regulation of temperature
and of the pH wvalue, substrate dilution and
carbon/nitrogenratio increase (C/N) [7]. An innovative
method of overcomingammonia inhibitionis the process
of bioaugmentation, theaddition of resistant -acclimated
microorganisms to high levels of ammonia, directly tothe
bioreactor [8]. Multiple studies supportthe success of the
BP in alleviating the effects of ammonia toxicity in
CSTRs [6, 9]. However, the influence of HRT on the
effectiveness of the BP has not been sufficiently
investigated.

2. Materialsand methods

2.1. Inoculumandsubstrate

The inoculumwas procured froma mesophilic (37 £1°C)
biogasplant in Central Macedonia, Greece. The substrate
consisted of cattle manure from a dairy farm in the
Lagada region, Thessaloniki, Greece. After sieving the
cattle manure to preventclogging, it was homogenized
and stored at —20 °C. The manurewas thawed for3 days
at 4°C before use. The characteristics of both the
inoculumand manure are presented in Table 1.

Table 1. Manure and inoculum characteristics

Manure Inoculum
Total Solids (TS) (g/L) 40.3+0.016 26.6+0.019
Volatile Solids (VS) (g/L) 30.9+0.012 20.2 +0.048
TAN (g/L) 44.01+1.85 221.21+8.64
Total VFA (mg/L) 7227.48 + 20.48 104.24 + 2.65
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2.2.Experimental setup and operation

2.2.1.CSTRreactors

Two identical lab-scale CSTRreactors,R1and R2 were
used. The totalandworkingvolume foreachreactorwas
2L and 1.5L, respectively. Bothreactors operated under
mesophilic condition (37 °C) and continuous mechanical
stirring (Stuart, stir UC151). To maintain a constant
temperature of 37 °C (£0.1) hot water was circulated
inside the internal inox spiral heat exchanger of the
reactors. Two peristaltic pumps (Cole-Parmer Masterfle x
L/S and Cole-Parmer Masterflex Console Drive) were
supplyingthe reactors with substrate twice per day. The
setup of eachreactoralso includeda glass influentbottle
with a magnetic stirrerto homogenize the substrate, an
effluent bottle, and an automatic water displacement gas
volumetric meter.

2.2.2.Stepwise acclimatization

The gradual acclimatization (Stepwise Increase) of
microorganisms to increasingammonia concentrations
was carried outin batch reactors with a total volume of 2
L. The batch reactors were flushed with purenitrogen gas
to create anaerobic conditions and sealed. Their
temperature was maintainedata constant range of 37 + 1
°C. Gradually the concentrationof TAN was increased

from2.0gL*to6.5g L™ (with 0.5g L"* steps).

2.2.3. Experimental designand operation

For the duration of the experiment the two reactors
operated continuously with an organic loading rate (OLR)
of 1.03 gVvS L* d. Both reactors were filled with
inoculumup to theirworkingvolumeandwere initially
fed only with cattle manure with an HRT of 30 days.
Aftersteady state conditions (lessthan10% variation in
methane production for 10 days) were reached in both
reactors theiroperationwas continuedfor 30 days. The
substrate for R1 was diluted with water, 2:1 volumetric
ratio (cattle manure:water), in orderto decrease the HRT
from 30 to 20 days while maintaininga constant OLR of
1.03 gvSL*d ™. Thereactors operated for 30 daysunder
steady state conditions afterthe HRT change in R1. For
the rest of the experiment R1 operated with a 20day HRT
and R2 with a 30 day HRT. The HRT and substrate
characteristics are presentedin Table 2.

Table 2. Reactor HRT and substrate characteristics

R1 R2
HRT (day) 0 30
Substrate (% vol.)
(Manure / Water) 66.6/33.3 100/0

The TAN concentration, after the HRT change and at
steady state conditions, was 1.8 g L™ in both reactors.
Phase 1 (P1) of the experiment begun with the direct
additionof ammonium chloride (NH4CI, Sigma Aldrich,
purity 99.998%) to bothreactorsandsubstrate,the TAN
concentration was increased to 6.1 g L. TAN
concentrations higherthan 5 gL are expectedto induce
ammonia toxicityandinhibit the AD process [5]. After

steady state conditions were reached in bothreactors their
operation continued underammonia toxicity conditions

for30days.

To implement the BP the inoculum from the batch
reactors, containing the acclimatized population, was
condensed via centrifuge (4500 rpm for 10 minutesat 21
°C). Atthe beginningof Phase 2 (P2) 180 mL from each
reactor were replaced with the same volume of the
condensed bioaugmentation inoculum. Both reactors
operatedfor30days afterthe BP with a constant TAN

concentrationof 6.1gL™.

There are two phases to theexperiment: (@) Phase1 (P1),
operation under ammonia toxicity conditions and (b)

Phase 2 (P2), operation afterthe BP.
2.3. Analytical methods

Total solids (TS), volatile solids (VS) and TAN were
determined based on APHA’s standard methods [10]. A
bench digital pH meter JENWAY 3520, Essex, UK) was
used to perform daily measurements.

The CSTR reactors’ biogas production was monitored
daily using the automatic water displacement gas
volumetric meters. To determine the biogas composition,
a gas chromatograph (GC-2010plusAT, Shimadzu,
Kyoto, Japan) was used equipped with the Thermal
Conductivity Detector (TCD) and 2 connected columns
[4]. In batch reactors daily measurements of methane
concentrationwere taken andthe methane production
volume was calculated via headspace pressure
measurements with the GC (TCD) [4]. Samples were
obtained from all the reactors with a gas-tight syringe
outfitted with a pressure lock and a needle and theywere
injected intothe chromatographer.

Samples for Volatile Fatty Acid (VFA) measurement
were obtained daily and were analysed using a gas
chromatograph (GC-2010plusAT, Shimadzu, Kyoto,
Japan) equipped with a Flame lonization Detector (FI D)
anda single column[11].

3. Resultsanddiscussion

3.1. Operationunder ammoniatoxicity

The daily methane production in mL CH,gVvS*d™* of
both reactors is presented in Figure 1 and the total VFA
concentration in mg L™ and pH values in Figure 2.
During the steady state operation, prior to ammonia
toxicity (P1), the average daily methane production was
236+20mLgVvStdtand236+20mLgVvS*d*forR1
and R2, while duringPhase 1, wasreduced to 148 + 15
mLgVvS*td*and145+15mL gVS*d?, respectively.In
R1,a period of 20 days was required in order to resume
operationin steady stateconditionsduring Phase 1, as
opposed to R2where onlya 2 day period was required.
The total VFA concentrationincreasedsignificantly in
both reactors after the direct increase in TAN
concentration resulting in the inhibition of the
methanogenic archaea. In R2 a steady increase in total
VFA concentrationis observed untilthe implementation
of the BP, which coincides with the reduction of methane
production. However, in R1 duringa period of 20 days
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the total VFA concentration increases, then drops to its
initialvalue, until its sharp growth on day 30. This 20 day
period coincides with the non-steady state operation of
R1 evident in Figure 1. The delay observed in the
increase of total VFAs concentration in R1 can be
attributed to its low HRT and the substrate’s low VFA
concentration. The content of R1 due to low HRT is
replacedwith a rapid rate contributing to the removal of
VFAs from the reactor keepingtheirconcentration low
thus limiting their synergistic action with thetoxicity of
ammonia [12].
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Figure 1. Daily methaneproduction (ImLCH4gVS™ d"?)
forR1and R2reactors duringPhase 1 and Phase 2
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Figure 2. Total VFA concentration (mg L) and pH
valuesforR1and R2reactors duringPhase 1 and Phase 2

3.2.Bioaugmentation process

Afterthe introduction of the bioaugmentation inoculum
to the reactors, each hada different response. R2 showed
a direct recovery, evidentfrom the simultaneous increase
in methaneproduction and reduction of the total VFA
concentration. In contrast, the increase of methane
productionin R1 begun aftera 10 day period. The lower
HRT of R1isprobablythe cause of its delayedresponse.
The operation of R2, with 30 days HRT, provides
sufficienttime forthe acclimatizedmicroorganisms to
establish and adaptto thereactor environment. The result
of theirrapid growth is the consumption of accumulated
VFAs and anincrease in methaneproduction. A likely
reason for the slow response of R1 to the BP is the
removal of the acclimatized microorganisms due to the
lower HRT (20 days), preventing theiradjustment in the
reactor (washout phenomenon) [13]. Understeady state
conditions during Phase 2, the average daily methane
productionwas215+20 mL gVvS*d*and214+20 mL
gVvS*td*forR1andRz2, respectively. Therefore, the BP
led to an increasein average daily methane production by
31.16% and 32.56%(8.96%and 9.40% reduction from
the initial stable state) to R1 and R2, presented in Figure
3. The implementation of the BP was successful since the
methane production recovered in bothreactors, albeit ata
slowerrate in R1.
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Figure 3. Averagedaily methane production (mL CHa
gVvS* d*) comparison for R1 and R2 reactors before
Phase 1 and duringPhases 1 and2.

The pH values remained constant (8 = 0.5) for both
reactors throughout the experimental process.
Maintaininga steady value in the pH scale duringintense
disruptions (addition of NH4CI and increasing the
concentrationof VFA), reveal the strong buffer capacity
of the cattle manure. Thesolubility of CO; in the aqueous
phase depends onthe pHvalue. During pH fluctuationsin
the aqueous phase, the concentration of soluble CO;
changesand maintains a stable pH value inthe solution
[14].
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4. Conclusions 5. Acknowledgements
The reduction of HRT appears to influence the
effectiveness of the BP adversely, probably due to the
washout phenomenon of theacclimated population [15].
Therefore, a potential method to ensure that the
acclimatized population remains and adapts in the
bioreactorandthe BP will be effective, isthe increase in
HRT prior to the BP in order to reduce the washout
phenomenon. When theacclimatized populationis firmly
established in the bioreactor, the HRT can potentially be
reduced to itsinitial value withoutaffecting the methane
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